Alzheimer's disease (AD), the most common form of dementia, is clinically characterized by progressive cognitive impairment [1] and pathologically by extracellular amyloid-β (Aβ) plaques and intracellular accumulation of the microtubule-associated protein tau into neurofibrillary tangles (NFTs) [2] . Unlike Aβ plaques, the spatial and temporal progression of NFTs positively correlates with the progression of clinical symptoms [3] , and NFT load correlates with neuronal cell loss and the severity of cognitive impairment in AD [4] . Tau is necessary for Aβ-induced neurotoxicity in cell culture and transgenic mouse models [2, 5] , occurs in tauopathies lacking Aβ pathology [6] , and tau gene mutations cause some forms of frontotemporal dementia [7] . In AD, tau is hyperphosphorylated and undergoes conformational shifts resulting in its self-association into filamentous and nonfilamentous aggregates [8] . However, whether or not filamentous tau aggregates are neurotoxic remains controversial. Findings suggest that neuronal dysfunction precedes the formation of these insoluble fibrillar deposits, suggesting that earlier non-fibrillar tau aggregates may be neurotoxic [9] .
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Neurodegener Dis 2014;13:151-153 DOI: 10.1159/000353687 152 occur in the AD brain [9] . Recently, tau oligomers were found at a 4-fold higher concentration in AD than in healthy control brains [9] . Binder and colleagues [10] performed an in vitro crosslinking experiment demonstrating that tau filament formation is preceded by tau dimerization [10] . To validate the relevance of these findings to AD, they generated a novel monoclonal antibody that selectively labels tau dimers and higher-order oligomers termed 'tau oligomeric complex 1' (TOC1) [10] . Therefore, in this report, an oligomer is defined as any aggregate of tau recognized by TOC1. Although oligomers may exist in multiple-size categories, virtually nothing is known about how many 'mers' make up tau oligomers. A recent atomic force microscopy study demonstrated that their oligomers were 40mers [11] but this has yet to be repeated by other groups and likely requires further investigation. TOC1 was shown to localize in pretangle neurons of aged controls but was more abundant in the superior, temporal and entorhinal cortex in AD [10] . The presence of TOC1 immunoreactive inclusions in control cases (Braak stages I and II) suggests that dimer/oligomer formation is an early event in disease pathogenesis. Supporting this assertion, immunofluorescence in human tissue sections indicated that oligomerization closely associates with Ser422 phosphorylation (pS422), an early pathological event in AD [10] . Prefibrillar tau aggregates have been isolated from AD prefrontal cortex brain homogenates using atomic force microscopy, and in vitro studies indicate that the formation of similar granular oligomers precede paired helical filament formation [9] . TOC1 containing prefibrillar inclusions in AD lends support to in vitro tau aggregation and crosslinking findings performed by our group, suggesting that tau dimers/oligomers may be intermediates in the aggregation process that precede NFT formation in situ [10] .
Due to difficulties in isolating and characterizing tau intermediates, direct evidence linking tau oligomers to neuronal dysfunction is limited. Recently, we utilized extruded axoplasm from the squid giant axon to study the effects of tau monomers and aggregates on axonal transport [9] . The addition of recombinant human tau monomers has no effect on transport when physiological concentrations of tau are used. However, addition of the same amounts of a mixture of recombinant tau oligomers plus filaments caused a selective inhibition of fast anterograde transport [9] . Furthermore, addition of the taubinding protein Hsp70 to the oligomer plus a filament mixture prevents fast anterograde transport inhibition in the squid axoplasm assay. Moreover, Hsp70 was demonstrated to bind to tau oligomers and not filaments, leading to the suggestion that oligomers are the primary cause of toxicity in this assay [12] as well as in AD and other tauopathies [6] .
Only recently have studies been undertaken to determine whether neuronal non-fibrillar tau is related to cognitive function. A clinical pathological investigation by our group provides evidence for the onset of intraneuronal pretangle tau pathology indicated by the presence of pS422 within cholinergic basal forebrain (CBF) neurons in people with mild cognitive impairment (MCI) prior to frank CBF neuron loss, which we previously reported to correlate with AD neuropathological criteria and tests of cognitive function [13] . Interestingly, pS422 colabels the newly reported pretangle tau oligomeric marker TOC1 [9] within CBF neurons during the onset of AD ( fig. 1 ) , supporting the concept that pS422 accompanies tau oligomer formation. Clinical pathologic studies show that in the CBF, pS422 but not TauC3 (a marker for frank NFTs) positive CBF neurons correlate with cognitive decline in MCI [14] . Comparing the development of NFT pathology within the CBF with that of the medial tempo- 153 ral lobe, using the appearance of the pretangle marker pS422 and the NFT marker, TauC3, indicated that NFT formation in CBF neurons is a more protracted process [9] . This suggests that NFT pathology develops at different rates depending on the site of pathology during dementia onset. An important question that remains to be investigated is the relationship between tau structures and toxic Aβ oligomers. Interestingly, preliminary evidence from our group indicates that TOC1-positive tau oligomers are also present in progressive supranuclear palsy, cortical basal degeneration and chronic traumatic encephalopathy (data not shown), which do not display Aβ pathology, suggesting that toxic tau oligomers can form independently of Aβ. However, much work needs to be done to test this hypothesis.
In addition, we found that pS422+ neuropil thread length, i.e. tau pathology in dendrites and axons within the CBF, increased in MCI and AD, and this parameter correlated with both neuropathological criteria and cognitive test scores [14] . The magnitude of neuropil thread length compared to the number of pretangle and frank NFTs early in the disease suggests that pathogenesis in axonal and dendritic processes precedes that which occurs in the soma of CBF neurons, perhaps suggesting an alteration in axonal transport. These clinicopathological findings highlight the importance of studying not only tau modifications in neuron soma but changes to their neuritic processes, which may be the earliest site of tau pathology associated with cognitive decline.
